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1.  INTRODUCTION  AND  SUGARY 


This  technical  report  describes  the  results  of  the  Investigation  on  low  noise  FET 
devices  performed  by  TIW  Systems  Group  (DSSG)  under  contract  No.  N00014-77-C-0645  for 
the  Office  of  Naval  Research.  The  period  of  performance  was  1 September  1977  to 
31  March  1978.  The  chief  purpose  of  the  Investigation  Is  to  develop  a computer  model 
of  GaAs  microwave  field  effect  transistors  In  order  to  predict  noise  performance  as  a 
function  of  geometry,  biasing  conditions,  doping  density,  ancllllary  region  Implants 
and  temperature,  with  alms  to  minimize  the  noise  figure. 

TRU's  approach  to  achieve  this  goal  has  been  to  start  with  the  best  mathematical 
model  of  FET  devices  available  at  the  present  time  and  perform  systematic  variations 
to  this  model  In  order  to  optimize  noise  figure,  transconductance  linearity,  and 
dynamic  range. 


- ^ ^ 
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^ 2.  THE  INTRINSIC  FET 


2.1  THE  FET  MODEL 

One  of  the  many  FET  models  that  have  br-oi  developed  1n  the  last  decade,  with  the 
fewest  restrictions  and  assumptions.  Is  the  Grebene-Ghandl  model.  Its  fundamental 
principle  Is  a two-piece  linear  approximation  of  the  velocity-field  characteristic  of 
a semiconductor  exhibiting  velocity  saturation  as  shown  In  Figure  2-1. 


Figure  2-1.  Two-Piece  Linear  Approximation  of  the 
Velocity-Field  Characteristic  of  a 
Semiconductor  Exhibiting  Velocity  Saturation 

This  velocity-field  characteristic  divides  the  Intrinsic  FET  model  into  two 
regions:  region  I of  length  Lj  the  constant  mobility  region  where  the  velocity  Is 
field-dependent;  and  region  II  of  length  L2  the  constant  velocity  region  where  the 
electric  field  has  exceeded  the  critical  field  Ej  and  the  carriers  travel  at  the 
saturation  velocity  Vj  independent  of  field  strength.  This  two-region  model  for  the 
intrinsic  FET  Is  shown  In  Figure  2-2.  The  piecewise  linear  approximation  of  the 
velocity-field  characteristic  necessarily  involves  compromise  In  the  choice  of  values 
used  of  Ej,  Uq,  and  Vj.  The  mobility  (uq)  Is  evaluated  from  the  doping  density  (Nq)  by 
the  use  of  a Taylor  Series  expansion  as 
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RfOIOM  I:  CONSTANT  MOBILITY  /lEOION:  FIELD  OEFENOENT  VELOCITY 
REGION  II:  CONSTANT  VELOCITY  REGION:  FIELD  INOEFENOENT  VELOCITY 


Figure  2-2.  Two  Section  Model  of  the  FET 


Equation  (2-1)  Is  In  essence  the  result  of  curve  fitting  techniques  applied  to  the 
velocity  - doping  characteristic  for  type  GaAs  as  given  by  Sze^  In  the  range 
< No  < lOl® 

For  a typical  mobility  value  of  pq  “ 4500cin/Volt-sec  Ej  needs  to  be  chosen 
as  2.9  kV/cm  In  order  to  obtain  the  typical  saturation  velocity  of 

Vs  * Wo  ^s  ’ (4500  cm^/v-sec)  (2.9  kV/cm)  * 1.3  x 10^  cm/sec. 

This  choice  for  Ej  Is  somewhat  lower  than  the  measured  saturation  field 

3 kV/cm  < Ej  < 4 kV/cm; 

however.  It  Is  the  only  compromise  made  throughout  the  model,  and  the  choice  Is 
certainly  Justifiable  on  the  basis  of  good  correlation  between  thoretical  and 
experimental  data  of  noise,  dc  conditions,  and  small  signal  parameters. 

2.2  SMALL  SIGNAL  PARAMETERS _ 

The  FET  model  outlined  In  Section  2-1  has  an  equivalent  circuit  as  shown  In 
Figure  2-3. 
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CiRCUiT  ELEMENTS  ENCLOSED  BY  THE  DASHED  LINES  PERTAIN  TO  THE 
INTRINSIC  DEVICE 

CIRCUIT  ELEMENTS  NOT  ENCLOSED  BY  THE  DASHED  LINES  INDICATE  TH' 
PARASITICS  CONTHIBUl  ED  BY  THE  ANCILL  ARY  REGIONS 


Figure  2-3.  Small  Signal  Equivalent  Circuit  of  the  FET 


The  circuit  elements  enclosed  bv  the  dashed  line  constitute  the  intrinsic  FET  (region 
under  the  gate)  and  elements  outside  the  dashed  line  are  the  parameters  contributed  by 
the  ancillary  regions.  A prospective  sketch  of  the  FET  indicating  the  geometric 
regions  responsible  for  each  circuit  element  is  shown  in  Figure  2-4.  Each  uf  these 
circuit  elements  can  be  expressed  as  a function  of  the  characteristic  dimensions  of  the 
device,  corresponding  doping  concentration  of  the  region  under  consideration,  and  the 
dc  biasing  conditions. 

Figure  2-5  is  a cross-sectional  diagram  of  the  intrinsic  FET  showing  various  geo- 
metrical dimensions  and  potentials  used  in  the  equations  to  follow.  From  Figure  2-5  by 
adding  potential  drops  inside  the  FET  (i.e.,  in  the  channel  and  depletion  region)  and 
equating  this  sum  to  the  externally  applied  voltages  the  following  equations  result: 


Vjg  » w(x)  - ^ + V(x) 


W(x)  = Vjg  + ♦ - V(x) 
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Figure  2-4.  Perspective  Sketch  of  the  FET  Indicating 
Geometric  Regions  Responsible  for  each 
Equivalent  Circuit  Element 


Figure  2-5.  Cross-Sectional  Diagram  of  the  Idealized 
FET  showing  Geometrical  Dimensions  and 
Potentials 
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Here  V(x)  is  the  potential  at  position  x in  the  channel  with  respect  to  the  source 
while  W(x)  is  the  potential  in  the  channel  with  respect  to  the  gate.  In  particular, 

W(x)  is  the  potential  drop  across  the  depletion  region.  It  does  not  include  the 
built-in  potential  of  the  gate,  ♦.  Therefore,  ♦ adds  to  the  gate  bias,  Vsg  and  is 
typically 

0.6  volt  _<  'll  £ 0.7  volt 

for  GaAs  Schottivy  barrier  junction  using  aluminum  metallization.  At  the  source  (x  = 0), 
V(0)  = 0,  and  equation  2-2  becomes 

W(0)  = Wj  = ''sg 

At  the  interface  of  regions  I and  II,  (x  = Li),  V(Li)  = Vp,  and  equation  (2-2)  becomes 

= ^g  ^ - Vp  (2-4) 

at  the  drain  (x=L),  V(L)  = and  equation  (2-2)  becomes 

W(L)  - = V^g  . - (2-5) 

The  gate-to-channel  potential  required  to  totally  deplete  the  channel  of  carriers 
2 

IS  given  by  the  expression 


-1 9 

where  q = 1.6  x 10  coulombs,  Nq  = doping  concentration  in  the  channel,  = 12.5 
is  the  relative  dielectric  constant  of  GaAs,  eq  = 8.854  x lO'^^  farads/cm  is  the 
permittivity  of  free  space,  and  'a'  is  the  half-thickness  of  the  semiconductor 
between  the  gate  electrodes  (see  Figure  2-5).  Since  equations  (2-3),  (2-4),  and  (2-5) 
are  simply  the  potential  of  the  depleted  region  at  three  different  points  along  the 
channel,  they  can  be  written  in  the  form  of  equation  (2-6)  as 


From  equations  (2-6),  (2-7),  and  (2-8)  "s"  and  "p"  can  be  expressed  as 


P = (V“oo)  (2-11) 

The  quantities  s,  p,  and  d are  reduced  or  normalized  potentials.  The  following  analy- 
sis will  derive  the  characteristics  of  the  FET  in  terms  of  s and  p. 

The  potential  across  the  depletion  region  can  be  found  by  assuming  that  the  poten- 
tial changes  in  the  y direction  much  more  rapidly  than  in  the  x direction.  That  is 

ay  ax 

;his  condition  is  satisfied  when  the  channel  thickness,  a,  is  much  smaller  than  the 
channel  length,  L.  Making  this  assumption  allows  one  to  calculate  the  y component  of 
the  electric  field  using  Gauss'  law.  Integrating  a second  time  gives  the  potential 
W(x).  Since  there  are  no  surface  charges  along  the  edges  of  the  depletion  region, 
the  potential  is 

(2-12) 

= (^)a2[l  -b(x)/a]2 
= W^^Cl  - b(x)/a]2 

where  b(x)  is  half  the  channel  opening  at  point  x (see  Figure  2-5),  and  (1  - b(x)/a) 
is  the  fractional  depth  of  the  depletion  region  at  the  same  point.  It  is  convenient 
to  define  this  fractional  depth  as 

w(x)  = 1 - b(x)/a  (2-13) 

Then  equation  (2-12)  can  be  written  as 

W(x)  = W^^[w(x)]2  (2-14) 

Comparing  equation  (2-14)  to  (2-7)  and  (2-8)  indicates  that  s and  p correspond  to  w(x). 
Therefore,  s and  p not  only  represent  reduced  potentials  but  are  also  related  to  the 
depth  of  the  depletion  region.  In  Figure  2-5,  (1-s)  and  (1-p)  are  accordingly 
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indicated  as  the  fractional  channel  openings  at  the  source  end  and  in  region  II, 
respectively.  The  drain  current  at  point  x is  given  by  Ohm's  law  as 


Ijj  = 2b(x)  Zcr  [3W(x)/3x] 


(2-15) 


where  Z is  the  gate  width. 


o = 


the  conductivity  of  the  undepleted  region  of  the  channel  and  3W{x)/3x  = Ej^(x)  the 
longitudinal  field  in  the  channel  at  point  x.  From  equation  (2-14)  the  expression  for 
the  longitudinal  field  can  be  written  in  terms  of  the  fractional  channel  opening  as 


3W(x)  = 2W  w(x) 

3x  “^"oo  dx 


(2-16) 


From  equation  (2-13)  the  expression  for  the  half-channel  opening  can  be  obtained 


b(x)  = a[l-w(x)]  (2-17) 

By  the  use  of  equation  (2-16)  and  (2-17)  equation  (2-15)  can  be  written  as 

Ijdx  = AaoZW^pCl  - w(x)]w(x)dw(x)  (2-10) 

Both  sides  of  equation  (2-18)  can  be  integrated  for  region  I in  which  the  limits  of 
integration  for  x are  0 and  and  the  limits  for  w(x)  are  s and  p (see  Figure  2-5). 
The  result  of  this  integration  yields 


^d  =-L^^l(^'P) 


fl(s,p)  = p^  - - |(p^  - S^) 


(2-19) 


(2-20) 


In  region  II  the  carriers  travel  at  their  saturation  velocity  given  by 


Vs  = uo  Es  (2-21) 

where  is  the  critical  longitudinal  electric  field  at  which  the  carriers  reach 
their  saturation  velocity.  Also  in  region  II  (or  the  constant  velocity  region)  half 
the  channel  opening  is  given  by 


b = a(l-p) 


(2-22) 
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and  remains  constant  for  < x < L,  thus  the  expression  for  the  drain  current  in 
this  region  is 


Id  = 2baZE3 

or  by  equation  (2-22),  equation  (2-23)  can  be  rewritten  as 

= 2aaZEj(I  - p) 

Since  there  is  current  continuity  across  the  interface  of  regions  I and  II,  an 
expression  for  Lj  can  be  obtained  from  equations  (2-19)  and  (2-24) 


(2-23) 


(2-24) 


h = E 


00 


^(s.p)] 


(2-25) 


3oth  the  drain  current  and  the  length  of  region  I are  now  expressed  in  terms  of  s and 
p To  determine  the  values  of  these  parameters  it  also  is  necessary  to  express 
r te-ms  of  the  reduced  potent :a Is. 

The  source- to-drain  potential  drop  in  the  channel  can  be  calculated  by  integrating 
the  longitudinal  electric  field  from  x = 0 to  x = L;  this  integration  is  done  in  two 
parts:  from  x = 0 to  (region  I)  and  from  x = to  x = L (region  II).  For  region  I 
the  longitudinal  electric  field  is  given  by  equation  (2-16) 


Thus 


which  yields 


/V  ■ /'  »'») 


W(L^)  - W(0)  = [w^dj)  - w2(0)] 


(2-26) 


(2-27) 


From  equation  (2-13)  the  fractional  depth  of  the  depletion  layer  can  be 
obtained  as 

w(L^ ) = 1 - b(Lj)/a  = p 
w(0)  = 1 - b(o)/a  = s 


(2-28) 

(2-29) 


Substitution  of  equation  (2-28)  and  (2-29)  on  the  right-hand  side  of  equation 
(2-27)  and  substitution  of  equation  (2-3)  and  (2-4)  on  the  left-hand  side  of  (2-27) 
gives 


-Vp  = Woo  (p^  -s^) 
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(2-30) 


For  region  II  the  longitudinal  electric  field  is  determined  entirely  by  free 
charges  on  the  drain  electrode  (neglecting  carrier  accumulation).  In  this  region  the 
potential  satisfies  the  two-dimensional  Laplace's  equation 


V 4 = 0 


(2-31) 


For  the  asymmetrical  transistor  the  boundary  conditions  for  equation  (2-31)  are: 


l^(x.O)  = 0 
4(x,a)  = 0 


4(Lj,y)  ^ 0 


Lj  < X < L 


Lj  < X < L 


-0  < y < a 


-0  < y ■ a 


(2-32) 


Equations  (2-31)  ana  (2-32)  form  a well-forrulated  boundary-value  problem;  th° 
solution  to  this  problem  is 

00 

4(x.y)  cos[i2l!^yj  sinh  - L, )]  (2-33) 


which  can  be  truncated  to 


4(x,y)  ~ — E, 


sinh[-- 


(2-34) 


in  which  only  the  first  term  is  considered.  This  approximation  removes  the  terms  with 
large  arguments  in  the  exponentials  of  the  hyperbolic  sine  term  which  vary  rapidly  with 
y.  The  voltage  across  region  II  is  therefore 


♦ (L.O)  - 4(L^,0)  = ■ ~ Ej  sinh|^ — ^ 

where  ^(Lj.O)  = 0 due  to  the  boundary  conditions  given  by  equation  (2-32).  The 
overall  source-to-drain  potential  drop  in  the  channel  is  finally  obtained  from 
equations  (2-30)  and  (2-36)  as 

»sd  ■ “o«  - '^1  * !^(^)  ''''  I 


(2-35) 


(2-36) 


where 


(2-37) 


Equations  (2-3)  and  (2-7)  relate  s to  the  gate  voltage.  After  substituting  for 
, equation  (2-36)  relates  s and  p to  Therefore,  given  the  bias  conditions  and 

the  physical  properties  of  the  FET,  the  reduced  potentials  s and  p may  be  found. 
Although  these  equations  have  been  derived  for  the  intrinsic  FET,  they  are  still 
useful  when  parasitic  resistances  in  the  source  and  drain  region  of  a practical  device 
are  included.  These  parasitics  introduce  additional  voltage  drops  which  are  expressed 
as  a parasitic  resistance  times  the  drain  current.  However,  using  (2-24)  for  the 
drain  current,  ono  can  still  reduce  the  problem  to  two  equations  in  the  unknov ns  s 
and  p.  The  following  sections  will  derive  additional  device  parameters  and  ultimately 
th  minim  m noise  figure  In  terms  of  s and  p. 


2.2  1 T.  a isrondu  tance 

'he  transconductance  of  a FET  device  is  defined  as 

dl. 


9"^  = 


dV 


sg 


(2-38) 


I v 

sd  = constant 

From  equations  (2-27)  and  (2-38)  the  transconductance  can  be  expressed  alternately  as 


From  equations  (2-3)  and  (2-7)  as/aV^^  can  be  obtained  as 


(2-39) 


as  _ 1 


2sW„„ 

sg  00 


Also  from  equation  (2-36)  since  dV^^  = 0 


r ["(1  - Li ) 

2pdp  - 2sds  - ^ cosh  — !- 


dL^  = 0 


Also  from  equation  (2-25) 


W. 


- 00  ' 
1 - e;- 


2p  + 


dp  - 2s  p ds 


(2-40) 
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(2-42) 
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(1  - s)  cosh  [iiL,/2a]  - (1  - p) 

f (s.p)  = ^ 

^ [2p(l  - p)  + a^/L]  cosh  [iTL2/2a]  - 2p(l  - p) 


(2-45) 


The  quantity  1^  Is  the  saturation  current  and  represents  the  maxitnutn  current  that  could 
flow  through  the  channel  assuming  no  depleted  region.  Notice  that  the  transconductance 
function,  fg,  is  only  a function  of  s and  p since  = L - Lj , and  equation  2-25  defines 
in  terms  of  s and  p. 

2.2.2  Output  Resistance 

The  output  resistance  is  defined  as 


dV 


sd 


dl. 


(2-46) 


sg 


constant 


Following  a process  similar  to  that  outlined  for  the  transconductance,  the  output 
resistance  can  also  be  written  in  terms  of  and  a function  of  s and  p. 


•2p  (1-p) 


/“oo\  )2p(l-p)  + C(l^/L)  cosh  [7iL2/2a] 

' ivl  ( W 

vj 


(2-47) 
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f^(s.p)  = 


[2P(l-p)  + c(Li/L)]  cosh  [iiL2/2a]  - 2p(l-p) 


(2-48) 


2.2.3  Gate-Source  Capacitance 


The  gate-source  capacitance  Is  defined  as  the  rate  of  change  of  the  free  charge 
on  the  gate  electrode  with  respect  to  the  gate  bias  voltage  when  the  drain  potential 
is  held  fixed. 


C 

sg  dv,„ 

Vjj  = constant 


(2-49) 


The  gate  charge  can  be  obtained  by  a simple  application  of  Gauss'  Law  as 


=_/V  • dr-  c , yr  • dr 


(2-50) 


In  equation  (2-50)  the  differential  surface  element  of  the  gate  is 


ds  = y Z dx 


(2-51) 


where  y is  a unit  vector  normal  to  the  gate  surface.  Also  in  equation  (2-50)  the 
electric  field  under  consideration  is 


r r 

E = y E, 


(2-52) 


or  the  y component  of  the  field.  This  electric  field  has  two  different  expressions: 
Eyj  (x,a)  in  region  I and  5^2  (x,a)  in  region  II. 

From  equation  (2-12)  the  field  in  region  I can  be  calculated  as 


(2-53) 


In  region  II  there  is  an  additional  component  due  to  the  Laplacian  potential 
of  equation  (2-34);  consequently 


d*(x.|y) 


(2-54) 
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p + Ej  sinh 


n(x  - L^) 


2-12 


Substitution  of  equations  (2-52)  through  (2-54)  into  equation  (2-50)  yields 


00  r 0 


(2-55) 
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(P^  - s^)  - 4(P  - s ) 


L,  + p(1  - L,) 


* ■ ’] 

ho^s.P'  /,a2>.r  1.(1  -LJ  -|l 

• iTftsTpT  'l  * "4  *(fr)h'‘  — ■ 'Jj 


f2(®*p)  “ y^P^  " " ?^P^  * 

and  the  gate-source  capacitance  expression  (2-49)  can  be  obtained  from  (2-55)  by 
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performing  the  following  differentiations 


(2-56) 


'sg  ■ dV 


®^'Vsd  = constant 


/%\/  dp  V 

ydp  j4'‘''sg/ 


(2-57) 


Vsd  = constant 


= e^E„Zf_ 


where  f,  = f , + f „ + 1 . 56 
c cl  c2 
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s(l  - s) 
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i.p)  = 2(/) 


fgMl  -2pfg)  2 t 


e cosh  (itL2/a) 


+ tanh 


(2-58) 


?i“  (2-59) 


The  first  two  terms  of  the  capacitance  function,  f^.,  are  the  contributions  due  to  region 
I and  region  II.  The  numerical  term  accounts  for  the  fringing  capacitance  and  is  taken 
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from  the  work  of  Wasserstrom  and  McKenna  . 
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2.2.4  Gate  Charging  Resistance 

At  the  present,  there  is  no  formal  analytic  expression  for  in  the  two  section 
model  of  the  FET.  It  is  simply  assumed  that  the  time  constant  t = P»‘0P0*'" 

tional  to  the  transit  time  through  the  channel.  From  the  experimental  data  of  Brehm 
and  Vendelin  ^ this  transit  time  is  set  to 

T = R^Cjg  = 4 X 10'^^  sec  (2-60) 

From  experimental  data  this  product  scales  with  gate  length  and  conseguently  equation 
(2-60)  can  be  written  as 


X = K L R.  (2-61) 

where  K is  a proportionality  constant  (K  = 0.5/ijm)  then  from  equations  (2-60)  and 
(2-61) 


Ri  = 


4 X 10 


-12 


8 X 10 


12 


KLC 


sg 


LC 


sg 


(2-62) 


, where  L is  in  urn. 

2.2.5  Summary  of  the  Small  Signal  Analysis  of  the  Intrinsic  FET 

It  is  useful  to  review  the  results  of  this  section  before  proceeding  with  the  noise 
analysis.  The  model  is  based  on  the  assumption  that  the  channel  under  the  gate  can  be 
divided  into  two  regions.  In  the  first  region,  the  carrier  behavior  is  ohmic.  In  the 
second  region  the  carriers  move  at  a saturated  drift  velocity  that  does  not  increase 
with  increased  electric  field. 

A pair  of  reduced  potentials,  s and  p,  are  then  defined.  A second  assumption  gives 
a physical  significance  to  these  parameters.  One  assumes  that  the  electric  field  com- 
ponent along  the  channel  is  much  smaller  than  the  component  perpendicular  to  the  channel. 
Then  one  can  determine  the  electric  field  and  potential  in  terms  of  the  charge  distribu- 
tion in  the  channel.  From  the  form  of  the  potential,  s can  be  related  to  the  fractional 
opening  of  the  channel  at  the  source  end  of  the  gate  and  p can  be  related  to  the  opening 
at  the  interface  between  regions  I and  II.  This  assumption  sets  limits  on  the  applica- 
bility of  the  model.  In  practice,  it  is  satisfied  for  gate  lengths  somewhat  larger  than 
the  channel  depth.  Fortunately,  such  conditions  also  correspond  to  most  devices  of 
practical  Interest. 

After  defining  s and  p,  the  bias  conditions,  V^g  and  are  expressed  in  terms 
of  these  parameters.  The  resulting  equations  must  be  solved  numerically  for  practical 
situations  which  include  parasitic  source  and  drain  resistances,  but  they  provide  a 
means  of  obtaining  values  for  s and  p.  It  is  then  possible  to  express  all  of  the  small 
signal  parameters  in  terms  of  s,  p and  the  physical  properties  of  the  FET.  The  follow- 
ing sections  will  develop  the  form  of  the  noise  figure,  again  in  terms  of  the  reduced 
potentials  s and  p. 
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3.  NOISE  ANALYSIS  FOR  THE  INTRINSIC  FET 

Noise  in  a microwave  GaAs  FET  is  produced  by  sources  intrinsic  to  the  device  and 
thermal  sources  associated  with  the  parasitic  resistances.  The  intrinsic  noise  arises 
from  two  mechanisms:  first  mechanism  is  the  thermal  or  Johnson  noise  produced  in 
region  I;  the  second  mechanism  is  the  diffusion  noise  in  the  velocity  saturated  sec- 
tion (region  II). 

It  is  convenient  for  noise  figure  calculations  to  represent  the  internal  noise 
sources  of  the  intrinsic  FET  by  noise  generators  suitably  connected  to  the  external 
terminals  as  shown  in  Figure  3-1. 


Figure  3-1.  The  Intrinsic  FET  with  Two  Noise  Sources 
IG  Represents  the  Induced  Gate  Noise, 

ID  Represents  the  Drain  Circuit  Noise 


This  representation  in  terms  of  external  current  generators  is  useful  because  the 
output  generator  can  be  identified  with  the  short-circuit  channel  noise  generated  in 
the  source-drain  path,  while  the  input  generator  can  be  related  to  the  noise  current 
induced  in  the  gate  circuit  by  the  charge  fluctuations  in  the  drain  current. 


3.1  DRAIN  CIRCUIT  NOISE 

The  open-circuit  drain  voltage  fluctuation  produced  by  sources  in  region  I is^ 

(3-1) 


where 


Po  = [(p^  - s^)  - 4/3  (p^  - s^)  + 1/2  (p^  - s^)]  (3-2) 
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and 

P«  = 26(fi-l)(l-p)3  [(s-p)  + in  (3-3) 

The  voltage  fluctuations  are  due  to  Johnson  noise  generated  In  region  I.  Therefore,  a 

kT^  term  occurs  in  which  k is  Boltzman's  constant  and  T^  Is  the  reference  temperature 

(300K)  of  the  channel.  Noise  Is  produced  over  a frequency  spectrum  and  equation  (3-1) 

gives  the  resulting  voltage  fluctuations  at  the  drain  for  a frequency  bandwidth  Af. 

There  are  two  terms  in  this  equation.  The  first  (proportional  to  P^^)  represents  the 

normal  Johnson  noise  contribution  as  calculated  for  electrons  In  region  I.  The  second 

term  (containing  P^)  provides  for  the  fact  that  the  effective  noise  temperature  of  the 

carriers  is  higher  than  that  of  the  crystal  when  an  electric  field  Is  present  to  move 

them  through  the  crystal.  This  "hot"  electron  term  contains  an  emperical  constant,  6, 

which  relates  the  effective  temperature  to  the  reference  temperature,  T . The  value 

7 ° 

of  6 Is  modified  from  Its  published  value  of  6 to  a value  of  1.19  to  provide  for  the 
reduced  saturation  field  of  2.9  kV/cm  used  here. 

The  open  circuit  drain  voltage  fluctuation  produced  by  sources  In  region  II  is® 
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(3-4) 


This  fluctuation  in  voltage  at  the  drain  occurs  when  dipole  layers  form  In  region  II  of 

the  channel.  The  layers  drift  toward  the  drain  with  a velocity  determined  by  the  diffusion 

constant,  D,  of  the  carriers.  When  the  dipoles  form  they  induce  a voltage  at  the  drain 

and  at  the  region  I-region  II  interface.  The  voltage  appears  as  a pulse  with  the  pulses 
described  by  a frequency  spectrum.  Equation  (3-4)  gives  the  drain  voltage  fluctuation 
due  to  pulses  in  a frequency  bandwidth  Af. 


The  noise  voltage  contributions  from  each  region  are  due  to  different  mechanisms 
and  are  uncorrelated.  Therefore,  their  mean  squares  add.  Both  contributions  are 
developed  across  the  output  resistance,  r^,  so  the  resulting  noise  fluctuation  may  be 
written  In  terms  of  a current  at  the  drain,  1^.  Specifically: 


^'dl  = "dl/'d 


’d2  ° ''d2/'"d 


(3-5) 
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3.2  GATE  CIRCUIT  NOISE 

Noise  voltages  produced  in  the  channel  are  coupled  capacitively  to  the  gate.  These 
charge  fluctuations  on  the  gate  in  turn  modulate  the  current  through  the  channel  and  thus 
appear  as  noise  at  the  drain.  The  short-circuit  gate  current  fluctuation  produced  by 
sources  in  region  I is  given  by® 


-fTFT. 

’gl  ■ “ \aa/L,Z  )\  ya  ) 


(1-p)^ 

f^  cosh  (iiL2/2a) 


Ro  = (fi'^){(<')^(p^  - s^)  - 4/3<'(<'+  y)(p^  - s^)  + 1/2  [(<^2  + 4<'y  + y^] 

I , , ) (3-9) 
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= (fj)’^  [-1/3  (p^-s^)  + 1/6  (p^’-s'*)  + (s^-2/3  s^)  (p-s)]  + YP  (3-11) 


+ (L,/L,)  (1  - p) 


(3-12) 


Notice  that  this  noise  term  is  similar  to  the  region  I channel  contribution  (3-1).  The 
observation  is  not  surprising  because  both  contributions  are  due  to  the  same  Johnson 
noise  generated  in  region  1.  Because  the  boundary  of  region  I is  not  a short  circuit, 
but  the  conditions  of  region  II,  y is  included  to  represent  the  modified  boundary  con- 
dition. If  region  II  were  not  present,  (L2  = 0)  the  hyperbolic  cosine  term  in  (3-8) 
would  be  one  and  y “ 1-  That  is,  one  would  have  the  short-circuit  condition  again. 

The  short-circuit  gate  current  fluctuations  produced  by  sources  in  region  II  is 
given  by® 
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This  contribution  is  quite  similar  to  the  drain  circuit  noise  (3-4)  which  is  also  produced 
by  the  formation  of  dipole  layers  in  region  II. 

3,3  THE  CORRELATION  COEFFICIENT 


The  Johnson  noise  produced  in  region  I and  the  noise  due  to  dipole  layer  generation 
in  region  II  are  independent  of  each  other.  However,  the  noise  contributions  from  gate 
and  drain  for  a given  region  are  correlated.  There  is  full  correlation  between  ig2  and 
id2  ® capacitive  90  degree  phase  shift  between  the  currents.  Thus, 
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and  ij^  is  not  complete  and  the  combined  noise  current 


0 6 

1 -2  1 

to 

I’dll 

where 
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The  overall  correlation  coefficient  is  defined  by  the  expression 
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Substitution  of  equations  (3-1)  through  (3-7),  and  equation  (3-13)  in  equation  (3-18) 
yields 
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The  final  form  of  the  correlated  noise,  given  by  (3-19),  reflects  the  partial  correlation 
between  region  I contributions  (the  first  term)  and  the  total  correlation  between  region 
II  contributions  (the  second  term).  The  noise  figure  developed  in  the  following  sections 
will  be  expressed  in  terms  of  the  quantities  R,  P and  C listed  here. 


4.  NOISE  FIGURE  ANALYSIS  FOR  THE  FET 


4.1  INTRODUCTION 

The  noise  figure  analysis  to  follow  will  be  based  on  the  equivalent  circuit  for 
the  FET  shown  in  Figure  2-3.  The  assumed  configuration  will  be  common  source,  with 
the  gate  considered  as  the  input  port  and  the  drain  considered  as  the  output  port. 
This  configuration  was  chosen  because  it  represents  the  typical  front-end  stage  of  a 
microwave  receiver.  Due  to  the  amplification  mechanism  of  the  FET;  the  greater  con- 
tribution to  the  overall  noise  figure  of  the  device  is  provided  by  those  elements 
connected  to  the  input  port;  while  the  contribution  to  the  noise  by  the  elements  con- 
nected to  the  output  port  is  small;  under  this  line  of  reasoning  the  noise  contribu- 
tion of  the  drain  resistance  and,  the  drain-gate  capacitance  the  source  drain 
capacitance  and  the  parasitic  resistance  R^  (see  Figure  2-3)  can  be  neglected 
without  incurring  significant  error  and  greatly  simplifying  the  equivalent  circuit 
to  be  used  in  the  noise  analysis  (see  Figure  4-1). 


4.2  NOISE  FIGURE  DERIVATION 

The  intrinsic  FET  shown  in  the  simplified  schematic  of  Figure  4-1  can  be 
represented  by  two  short-circuit  Y parameters. 


11  - 1 . j.C^gR. 


21  1 - j^C^gR. 


Also,  the  noise  Figure  F for  this  simplified  circuit  can  be  expressed  as 


F = 1 + 


,i  + i + i + ij  1 
g s go  do  I 


where  i^,  i^,  i^^,  i^^,  and  i^  are  the  noise  components  in  the  short-circuited  drain- 

source  path  produced  by  the  noise  generators  e^^,  e^^,  i^,  i^,  and  e^^,  respectively. 

The  noise  generators  representing  the  extrinsic  thermal  sources  R , R , and  the 
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real  part  of  are  given  by  their  mean  square  values  as 


e^‘-n  1 = 4k'^jjRjaf 


(T^  = 300OK)  (4.5) 


|e/n|  = 4kT„(ReZj)Af 


where  "Re"  denotes  "real  part  of" 

Analyzing  the  circuit  of  Figure  4-1,  equation  (4.3)  can  alternatively  be  expressed  as 
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The  terms  of  equation  (4-7)  that  contain  the  intrinsic  noise  current  sources  ig  and  i^ 
can  be  written  alternacively  as 
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where  Rj  P and  C are  defined  by  equations  (3-25),  (3-27)  and  (3-19),  respectively. 
4.3  MINIMUM  NOISE  FIGURE 

From  equation  (4-7)  and  using  equations  (4-8),  (4-9),  and  (4-10)  the  minimum 
noise  figuie  can  be  evaluated  by  setting  the  partial  derivative  of  the  noise  figure 
with  respect  to  the  source  impedance  equal  to  0.  This  yields 


opt  = R^opt  + j opt 


(4-11) 
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and  "Im"  denotes  "imaginary  part  of" 
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With  this  optimum  source  Impedance  given  by  equation  (4-11)  the  minimum  noise  figure 
can  be  found  by  substitucion  of  equation  (4-11)  into  equation  (4-7).  Also  since  the 
noise  figure  Is  a frequency  dependent  function,  equation  (4-7)  can  be  expanded  as  a 
power  series  in  u;  this  yields 

''min  * 1 j'*'^  (1  - ^ % (T^y^g  + ['’^1  ■ C(R/P)^^^)^  + R(1  - c2)jj 

♦g^R.P  [l  - C(R/P)^/2jj 

where  the  term  wC^g/gi^j  in  the  expansion  has  been  expressed  as  f/f^  (^j^9^2nCjg). 
fj  Is  the  gain-bandwidth  product  of  the  FET  or  the  frequency  at  which  the  current 
gain  of  the  device  drops  to  unity. 

4.4  TEMPERATURE  EFFECTS  ON  NOISE  FIGURE 

From  Equation  (4-16)  the  straight-forward  depence  of  noise  figure  on  the  device 
temperature  can  be  observed  In  the  terms  that  contain  the  ratio  T/T^.  There  is, 
however,  a very  strong  dependence  of  gain  on  the  ratio  T/T^  given  by  the  expression 


(1  - C(R/P)^''^)^  + ((1  - C^)  R/P) 


(4-16) 


^„(s.P) 


00 
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(4-17) 


From  equations  (4-16)  and  (4-17),  It  can  clearly  be  observed  that  the  dependence  of 
noise  figure  on  temperature  can  best  be  evaluated  by  a numerical  process.  After  describ- 
ing the  contributions  of  the  ancillary  regions  to  FET  noise  figure,  the  results  of  the 
numeral  analysis  will  be  presented. 
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N(y)  = f N(yT  dy 
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At  the  depletion  depth  y = y^,  it  is  required  that  = 0;  thus  from  equation  (5-2) 

<lf 


N(y. 


and 


^ r 0 


(5-4) 


(5-5) 
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The  potential  across  the  depletion  layer  can  be  obtained  by  direct  integration  of 
equation  (5-5).  Thus, 

W(y)  = y E“  • d7  = y*  Eydy  = ^ p(y)  - y + C2J  (5-6) 

since  W(y)  - 0 at  z = 0 the  constant  C2  in  equation  (5-6)  can  be  evaluated  as 
C2  = - N(0) 

and 


W(y)  = ^ [N(y)  - y N(y^)  - N(0)]  (5-7) 

Equation  (5-7)  is  analogous  to  equation  (2-12)  of  the  constant  doping  profile  case. 

It  is  convenient  for  the  following  analysis  to  introduce  the  dimensionless  variable 
(D  = y/a^  where  u runs  from  0 to  1 across  the  epilayer;  using  this  dimensionless  vari- 
able equation  (5-7)  can  be  rewritten  as 


W(..) 


- ti) 


where  the  term  N(0)  = 0 has  been  dropped. 
In  equation  (5-8) 


(5-8) 


N(a-) 


u 

y N(u))du  and  N(u) 
0 


The  potential  across  the  depletion  region  is  W(uj)  where 


(5-9) 


By  considering  the  integral 


u>  N(iji)dus 


tfc)  when  used  as  normalized  channel  depth  is  not  to  be  confused  with  angular 
frequency. 
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and  integrating  by  parts;  it  can  be  shown  that: 

/-“d 

J u N(u)  du)  = Ujj  N(a)j)  - ^ 
0 0 

thus  equation  (5-9)  can  be  alternately  written  as 

2 


du) 


(5-10) 


W(oOd)  = f U N(u))  du 

r'o  J 


(5-11) 


Using  equation  (5-11),  the  potential  required  to  deplete  the  entire  epilayer  of  car- 
riers is 

%o  ' e^e~  " ^^^^1  ” 7^f“  f “ (5-12) 

r 0 r 0-' 

0 

The  potential  expressed  by  equation  (5-12)  is  analogous  to  of  equation  (2-6)  for 
the  constant  doping  profile  case. 

To  calculate  the  total  drain  current  flowing  in  the  channel,  one  can  follow  a 
procedure  very  similar  to  that  of  Section  2.2,  equations  (2-16)  through  (2-20),  and 
by  Ohm's  law  at  a distance  x from  the  source 


^d  = ^'^0^ 
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f N(y^)  dy 

/d 

Ex(x) 


Using  the  dimensionless  variable  u,  equation  (5-13)  can  also  be  written  as 
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(5-13) 


^d  ° 9UoZaEj^(x)  J N(u)  du 
“d 

= qiioZaE^(x)  [nTT)  - 


(5-14) 


To  evaluate  Ej^(x)  one  can  start  from  equation  (2-2)  properly  modified  for  the  vari- 
able profile  case,  thus: 


E (x)  = - 

dx 


(5-15) 
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E,(x)  = 


and  from  equation  (5-11) 
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dW(u,.) 
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Using  equations  (5-15)  and  (5-16),  equation  (5-14)  becomes: 

..  7„2  3 


r 0 


[N(1)  - Hitiid )]  wj  N(u)j) 


(5-17) 


Integration  of  equation  (5-17)  over  the  length  of  region  I i.e.,  from  x » 0 to  x « Lj 
yields  (dropping  subscripts) 


r 0 1 


(5-18) 


P P 

fj(s»p)  ~ N(  1)  J"  ii)N(b>)du  - J"  uN(u)  N((i))  d(i) 


(5-19) 


In  equation  (5-19)  the  quantities  s and  p represent  the  values  of  u * y/a  at  x • 0 
and  X = Lj,  respectively.  Also  the  function  fj(s,p)  described  by  equation  (5-19)  is 
analogous  to  the  one  described  by  equation  (2-20)  in  the  constant  doping  profile  case. 

From  the  general  equations  (2-3)  and  (2-4)  it  can  be  concluded  that  the  potential 
drop  from  x = 0 to  x * (across  region  I)  is 


V(Lj)  - V(0)  * Wp  - Wj 


(5-20) 


Also  since  at  x » the  carriers  reach  their  saturation  velocity  and  Ej((x)  ■ E^,  then 
the  expression  for  the  drain  current  in  region  II  is 


Id  • qUoZaEj[Nm  - N(^] 


(5-21) 


Thus  equations  (2-3),  (2-4),  (5-18),  (5-19),  (5-20),  and  (5-21)  establish  relations 
betMeen  the  quantities  s,  p,  and  Ij  to  the  potentials  V(Lj)  and  the 
corresponding  doping  density  integrals. 


In  region  II  the  potential  function  i(i(x,y)  is  assumed  to  be  determined  by  the 
charges  in  the  depleted  region  and  free  charges  on  the  drain  electrode,  consequently, 

'(>(x,y)  = ♦^(x,y)  + (Ji2(x,y)  (5-22) 


where  it)-j(x,y)  is  the  potential  due  to  the  depletion  charges  and  <ti2(x,y)  is  the 
potential  due  to  free  charges  on  the  drain.  To  solve  for  process  to 

follow  is  that  of  Section  2.2,  equations  (2-31)  and  (2-32);  this  yields  the  result. 


^2  ( ^ * 


‘•y)  5in(^)sinh['-^'2a-"] 

From  equation  (5-7)  the  potential  <*i^(x,y)  is  obtained  as 

'<’i(x,y)  = 7^  N(y)  - y N{pa) 

r o'-  ■' 


(5-23) 


(5-24) 


However,  this  potential  given  by  equation  (5-24)  gives  no  contribution  in  region  II, 
gives  zero  electric  field  at  the  channel  and  zero  potential  at  y = 0;  consequently, 
the  potential  due  to  ii^(x,y)  + (ti2(x,y)  measured  along  the  channel  from  x = L.|  to 
X = L2  is  due  entirely  to  <ti2-  Adding  the  potential  drop  from  x = 0 to  x = L one  can 
obtain  from  equations  (5-20)  and  (5-23)  the  source  to  drain  voltage  given  by 

= W(p)  - W(s)  + ^ Ej  sinh  [ 2^— (5-25) 

Equation  (5-25)  with  equations  (5-18)  and  (5-20)  enables  one  to  solve  for  the  current- 
voltage  relationship  of  the  FET.  From  equations  (5-18)  and  (5-21)  1^  can  be  eliminated; 
this  yields 


qa^ 

f,(s,p) 

er^o^S 

_N(1)  - N(p)J 

(5-26) 


Equation  (5-26)  is  analogous  to  equation  (2-25)  for  the  constant  profile  case  but 
f^(s,p)  is  given  in  this  case  by  equation  (5-19). 

Just  as  in  the  constant  doping  profile  case,  equations  (5-25)  and  (5-26)  form  a 
pair  that  need  to  be  solved  simultaneously  in  order  to  determine  p,  s,  then  Lj  and  I^j. 

5.1.1  Transconductance 

Following  the  same  procedure  as  the  one  outlined  in  Section  2.2.1  and  from 
equations  (2-38),  (5-11),  (5-20),  (5-21),  (5-25),  and  (5-26),  the  expression  for  the 
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transconductance  for  the  variable  doping  profile  case  can  be  shown  to  be 


‘^r'^o^o^  ^s  , , \ 

9m  = i 


(5-27) 


Vmj)  - NTs)]  cosh  (nL-/2a)  - [NTT)  - RTp)] 

f (s.p)  = — — (5-28) 

^ jpLNTT)  - NTp)]  + (’’4/23)  - pLNTT)  - NTF)] 


This  expression  given  by  equation  (5-28)  reduces  to  that  of  equation  (2-45)  when 
N(u.)  = N^  = constant. 

5.1.2  Output  Resistance 

Following  the  same  procedure  as  the  one  outlined  in  Section  2.2.2  and  using 
equations  (2-46),  (5-25),  and  (5-26)  the  expression  for  the  output  resistance  can  be 
obtained  as 


4(s,p) 


(5-29) 


[cosh  (,.L/2a)  -l]  |p[(N(l')  - N(p)](+  (e  L./qa^)  cosh  (-.Lp/2a) 

f,.(s,p)  = = ^ ° ^ ^ = 

N(l)  - N(p)  (5-30) 

5.1.3  Gate  Source  Capacitance 

From  Section  2.2.3  and  using  equations  (2-49),  (5-23)  through  (5-26)  the  gate- 
source  capacitance  can  be  expressed  as 


Csg  = Cj  + 4 + 1.56 


(5-31) 


where  Cj  and  are  the  capacitance  contributions  due  to  regions  I and  II,  respectively. 
The  numerical  term  accounts  for  the  fringing  capacitance  as  in  the  constant  profile 
case.  The  capacitance  contribution  due  to  region  I is  given  by 


f2(s,p) 
[nOI  - N(p)] 


. N(l).  - N(S) 
N(l)  - N(p) 


(5-32) 
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where 


P P 

f2(s.p)  = nHI  f dcoj  - f u)^N{a.^)  [n(u^)]  ^ duij  (5-33) 


and  the  capacitance  contribution  due  to  region  II  is 


i~  _ r 0 
''2  T" 


L [-qaZNl^  + 

fg(s.p)  + 1^  E cosi 


Z Ej  sinh  (7iL2/2a) 


j coshUL^/Za) 


(5-34) 


•[l  - f (s.p)] 


5.1.4  Gate  Charging  Resistance 


On  the  basis  of  the  assumption  of  Section  2.2.4  that  the  time  constant  i = R. 
is  proportional  to  the  transit  time  through  the  channel  ore  can  write 


L,  L 

1 ^77^  7 ^ 


(5-35) 
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The  first  integral  on  the  right-hand  side  of  equation  (5-35)  can  be  evaluated  using 
equations  (5-14)  and  (5-17)  thus: 


72/  .L 
dx  ^ 


rixT  ■ , 2 

0 **  ^r^o  d ”0 


/I 

/ (nTT)  - nI^)  u,jN(a)j)  du.j  (5-36) 


The  second  integral  on  the  right-hand  side  of  equation  (5-35)  is  simply  L2/VJ,  con- 
sequently, from  equations  (5-35)  and  (5-36) 


q^.jjZ^a'*  M L2 

j [N(l)  - N(u.jj)l  u^N(ujj)  du)^  + 
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Equations  (5-41)  through  (5-45)  are  analogous  to  equations  (3-7)  through  (3-10)  and 
equation  (3-12)  respectively  for  the  constant  doping  profile  case. 

The  short  circuit  gate  current  fluctuation  produced  by  sources  in  region  II  is 
given  by  the  same  expression  as  for  the  constant  doping  profile  case  or  equation  (3-13). 

5.2.3  Correlation  Coefficient 

Following  the  same  argument  given  in  Section  3.3,  the  correlation  coefficient  C 

is  given  by  equation  (3-19)  in  which  the  expressions  for  P , P,,  R , R,  are  given  by 

0 6 0 0 

equations  (5-39),  (5-40),  (5-43)  and  (5-44),  respectively.  For  and  the  expres- 
sions are 


/-P  _ 2 

5g  = - / [-<'  + Y N(aij)]  [N(l)  - N(ujj)]  N(u)j)  du)j 


= -6  [N(l)  - N(p)]^y 


-k'  + Y N(u)j) 
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"d  ‘^“d 


and  for  P^  P^,  P , R^,  R2  and  R the  expressions  are 


Vr‘o''d  5.'d/ 


1 ■ I 12 


r— T (P„  + PJ 

Wd9mV 


(5-46) 


(5-47) 


(5-48) 
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I 

I 

I 

I P = + P2  (5-50) 

I 

1 

i 

j R = Rj  + R2  (5  53) 

I"  The  function  of  equations  (5-49)  and  (5-52)  is  the  same  as  for  the  constant  doping 

profile  case  and  is  given  by  equation  (3-26). 

5.3  NOISE  FIGURE  ANALYSIS  FOR  THE  INTRINSIC  FET 

The  process  to  follow  in  order  to  obtain  the  noise  figure  for  the  FET  with  vari- 
able doping  profile  is  the  same  as  the  one  outlined  in  Section  4.2;  this  leads  to 
identical  expressions  as  those  given  in  that  section;  consequently,  they  will  not  be 
rewritten  here.  It  must  be  understood,  however,  that  the  expressions  for  P^ , P2,  P»  R-j 
and  R2  are  given  by  equations  (5-48)  through  (5-52),  respectively.  The  same  line  of 
argument  is  followed  for  the  minimum  noise  figure  derivation  of  Section  4.3  and  the 
temperature  effects  on  noise  figure  expression  of  Section  4.4. 
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The  function  of  equations  (5-49)  and  (6-52)  is  the  same  as  for  the  constant  doping 
profile  case  and  is  given  by  equation  (3-26). 

5.3  NOISE  FIGURE  ANALYSIS  FOR  THE  INTRINSIC  FET 

The  process  to  follow  in  order  to  obtain  the  noise  figure  for  the  FET  with  vari- 
able doping  profile  is  the  same  as  the  one  outlined  in  Section  4.2;  this  leads  to 
identical  expressions  as  those  given  in  that  section;  consequently,  they  will  not  be 
rewritten  here.  It  must  be  understood,  however,  that  the  expressions  for  P.| , P2,  P,  R-] 
and  R2  are  given  by  equations  (5-48)  through  (5-52),  respectively.  The  same  line  of 
argument  is  followed  for  the  minimum  noise  figure  derivation  of  Section  4.3  and  the 
temperature  effects  on  noise  figure  expression  of  Section  4.4. 
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Rg,  R^,  and  R^  it  is  convenient  to  set  up  a coordinate  system  and  establish  dimensions 
(see  Figure  2-4)  as  shown  in  Figure  6-1. 


X BUFFER  LAYER  do'^  1o’^ 


X SEMI-INSULATING  SUBSTRATE 

Figure  6-1.  FET  Cross-section 
6.1  PARASITIC  SOURCE  RESISTANCE 

The  parasitic  source  series  resistance  consists  of  a metal  sheet  resistance  term 
similar  to  the  gate  series  resistance,  but  also  includes  contact  resistance  from 
metal  to  GaAs  (Rj^)  and  channel  resistance  between  the  gate  and  source  contact  metal- 
lizations (Rj).  If  is  the  sheet  resistance  of  the  channel,  R^  (Figure  6-1)  may 
be  estimated  as 
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V(x)  = V(0)  + / I(x)  R dx  ; or.  = l{x)  R 


Figure  6-2.  Contact  Resistance  and  Equivalent  Circuit 
These  can  be  combined  to  a single  equation 


= RG  I(x) 
8x 


G is  determined  by  the  specific  contact  resistance,  p , which  is  typically  10' 

p c 

u “ cm^ 


K is  determined  by  the  sheet  resistance  of  the  GaAs  under  the  contact  metal.  For  an 
active  implant  of  10^^/cm^,  this  sheet  should  be  *15  a/a 
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thus 


= RG  = *1.5  X lo' 

solutions  to  6.3  have  the  form 

I = Ae^**  + Be'^* 


The  boundary  conditions  are  that 


thus 


I = 0 0 X = 0 
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Contact  resistance  is  V{L^)/I(L^),  so 


p 


= ilZil 


so 


(6-8) 


Clearly,  the  most  effective  way  to  minimize  R is  to  minimize  both  p and  p and 

SC  SCO  c 

make  2yL  >>  1.  For  the  values  quoted,  2yL^  * 1 at  = 13  pm,  indicating  that  con- 
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tact  resistance  cannot  be  improved  by  making  contacts  longer  than  about  40  um.  Total 
resistance  is  therefore 
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nere 


= sheet  resistance  of  GaAs  under  contact  metal 
p^  = specific  contact  resistivity  - metal  to  GaAs 
pj^^  = sheet  resistance  of  channel  between  contact  and  gate 
= contact  length 
Lj  = space  contact  to  gate 
Pj^j  = sheet  resistance  of  source  contact  metal 

Z = device  width 

6.2  PARASITIC  DRAIN  RESISTANCE 

The  parasitic  drain  resistance  R^  is  calculated  the  same  way  as  R^,  with 
replaced  by  - L2  and  replaced  by  the  drain  contact  length.  In  fact,  most  device 
designs  have  symmetrical  source  and  drain  geometries,  leading  to  R^^  = R^. 

6.3  PARASITIC  GATE  RESISTANCE 

The  parasitic  gate  series  resistance  R^  is  due  to  the  series  resistance  of  the 
gate  metallization;  for  the  single  lump  equivalent  circuit  it  is  the  resistance  from 
the  gate  terminal  to  the  center  of  the  device 

Rg  -|l 

g 
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where  Is  the  sheet  resistance  of  the  gate  metallization,  Z is  the  gate  width,  and 
Lg  is  the  gate  length  (L  ■ L2  - in  Figure  6-1).  Rg  can  be  minimized  by  keeping 
Pshg  low  (thick  aluminum)  or  by  keeping  the  effective  Z small  by  paralleling  several 
devices  with  small  gate  widths  rather  than  using  a single  device  with  large  gate 
width. 


6.4  SOURCE-DRAIN  AND  GATE-DRAIN  CAPACITANCES 


The  expression  for  inter-electrode  capacitances  between  parallel  strips  immersed 

9 

in  an  infinite  dielectric  medium  was  developed  by  Sinythe  ; modifying  his  expression 
to  account  for  the  air  dielectric  above  the  electrodes  the  expression  for  both  capa- 
citances C^g  and  Cjjj  becomes 


^dg*  ^sd  “ ^'r  * ‘'o^ 


(6-11) 


where  K(k)  is  the  complete  elliptical  integral  of  the  first  kind  given  by^® 


1./2 

K{k)  « / (1  - k sin^  0)  de 


the  argument  k of  equations  (6-11)  and  (6-12)  is  given  by 


(6-12) 
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7.  DC  CHARACTERISTICS 


The  drain  gate  characteristics  of  Schockley's  FET  model  are  shown  in  Figure  7-1. 
Here  the  bias  voltages  are  expressed  in  terms  of  the  pinchoff  voltage  given  by 
equation  (2-6);  this  allows  a full  analytic  treatment  of  the  FET. 


SOURCE  DRAIN  BIAS  (V) 


Figure  7-1.  Drain  Current-Voltage  Characteristics  for  an  FET 

Following  Pucel  et  al®.  Bias  Voltages  are  Expressed 
in  Terms  of  the  Pinchoff  Voltage, 

To  obtain  the  dc  characteristics  of  a FET  under  study,  equations  (2-24)  and 
(2-36)  must  be  solved  simultaneously;  in  the  case  of  the  FET  with  variable  doping 
profile  the  corresponding  equations  are  (5-18)  and  (5-25).  A graph  of  these  dc 
characteristics  for  two  different  cases  of  doping  profile  are  shown  in  the  next 
part  of  this  section. 


7-1 


I 

I 


8.  COMPUTER  MODEL 


From  the  analytical  model  for  the  FET  developed  in  Sections  2 through  6,  it  is 
obvious  that  the  task  of  finding  the  dependence  of  noise  figure,  or  transconductance  j 

on  device  geometry,  doping  density,  and  biasing  conditions  can  best  be  achieved  by  1 

numerical  methods.  The  flow  diagram  of  the  FET  computer  model  developed  by  TRW  to  do 
this  task  is  shown  in  Figure  8-1. 

The  program  accepts  as  initial  inputs  the  physical  dimensions  of  the  region 
under  the  gate,  intended  frequency  of  operation,  and  doping  density  of  the  channel. 

With  these  inputs  the  program  proceeds  to  evaluate  every  coefficient  of  equation  (4-16) 
separately  and  calculates  at  the  end  of  block  3 the  minimum  noise  figure  for  the 
intrinsic  FET  (Rg  = Rj  =0).  Also  if  desired,  the  doping  density  of  the  channel  can  be 
optimized  for  minimum  noise  figure.  The  results  of  this  optimization  process  for 
devices  of  1 and  0.5  urn  gate  lengths  can  be  seen  in  Figure  8-2.  Another  option  exist- 
ing at  the  end  of  block  3 is  noise  figure  versus  frequency.  Figure  8-3  shows  this 
relationship  for  two  1 urn  gate  length  devices  that  have  been  optimized  for  300  and 
j 77°K  operation.  From  Figure  8-3  it  can  be  concluded  that  bringing  the  ambient  temper- 

ature of  the  device  down  from  300  to  77°K  reduces  the  noise  figure  by  a factor  of  3. 

Figure  8-4  shows  the  behavior  of  fj  as  a function  of  device  temperature  for  the  1 um 
gate  length  FET;  it  can  be  concluded  from  this  figure  that  with  adequate  cooling, 
millimeter  wave  amplification  using  FET  devices  is  potentially  viable. 


Once  the  design  for  the  intrinsic  FET  is  satisfactory  the  program  proceeds  to 
add  the  ancillary  regions  by  accepting  data  such  as  interelement  spacing,  contact 
lengths,  and  doping  concentration  of  implants.  With  this  information  and  by  the  use 
of  the  equations  of  Section  5,  the  parasitic  resistances  are  calculated  as  well  as 
the  parasitic  capacitances.  This  process  takes  place  in  blocks  5 through  7 of  Fig- 
ure 8-1.  At  this  point  the  noise  figure  for  the  nonintrinsic  device  (Rg  ^ 0,  Rj  0) 
is  evaluated  and  the  ancillary  regions  redesigned  if  desired.  Blocks  8 and  9 compute 
the  dc  parameters  and  the  dynamic  range  of  the  device  under  analysis;  these  inter- 


mediate results  compared  with  preliminary  tests  of  production  wafers  will  help  decide 
whether  the  wafer  under  test  will  meet  the  necessary  requirements  for  low  noise  FETs 
or  not.  The  decision  at  this  point  is  important  since  the  process  of  finishing  a 
semiconductor  wafer  is  expensive  and  time  consuming;  this  interaction  with  the  manu- 
facturing process  is  indicated  by  blocks  14,  15,  16,  and  17.  Block  numbers  11,  12, 


and  13  are  existing  subroutines  in  TRW/TSS  that  compute  the  S parameters,  plot  con 
stant  gain  circles,  and  constant  noise  figure  circles  if  desired. 
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9.  CONCLUSIONS  OF  FET  NOISE  FIGURE  OPTIMIZATION  STUDY 


There  are  three  basic  methods  for  reducing  FET  noise  figures.  The  methods  are: 

1.  Optimize  lateral  doping  profile  by  ion  implant  (this  minimizes  R-  and  Rj) 

2.  Reduce  gate  length  via  E-beam  lithography 

3.  Cool  the  device  from  300  to  77°K. 

The  noise  figure  reduction  due  to  each  is  NF  (ion  implanted)  = NF  (uniform  epi ) 

2.5 

Figures  8-5  and  8-6  show  numerical  evaluation  of  channel  carrier  density  factor 
N(u)  and  voltage  across  depleted  region  W(u)j)  for  the  case  of  a constant  doping  den- 
sity and  a 10:1  Gaussian  doping  density,  respectively.  From  the  comparison  of  these 
two  figures,  it  can  be  observed  that  the  pinchoff  voltage  for  the  Gaussian  doping 
profile  is  larger  than  for  the  constant  doping  profile  case. 

Figures  8-7  and  8 8 aie  n merical  evaluations  of  equation,  2 24),  (2  36  ( -1  ), 

and  (5-25)  respectively  as  ou  lined  in  Section  7.  These  figures  show  the  dc  charac- 
teristics of  the  devices  having  doping  profile  distributions  as  indicated  r F g 
ures  8-5  and  8-6.  It  can  be  observed  from  these  figures  that  the  device  with  the 
Gaussian  distribution  presents  a family  of  curves  more  evenly  spaced  and  consequently 
a greater  transconductance  linearity  than  that  of  the  constant  doping  profile  counter- 
part. Figure  8-9  represents  the  numerical  evaluation  of  the  transconductance  given 
by  equation  (5-27)  and  fy  = g^/2iiC5g  (the  cutoff  frequency)  as  a function  of  gate 
potential.  The  device  with  the  Gaussian  distribution  displays  a greater  linearity  of 
these  two  parameters  as  a junction  of  biasing  point  than  the  constant  profile  device. 

NF  (L„  = 1 i,m) 

NF  (Lg  = 0.5  urn)  = • ■ ■ — 

Nf  ,„««)  . 

The  effect  of  each  method  of  noise  figure  reduction  is  essentially  independent 
of  the  others,  therefore,  the  noise  figure  of  an  optimized  FET  is 

NF  (opt)  = = NF  .(nonO£tl 

In  the  future,  optimized  FET  front-end  amplifiers  for  microwave  applications  will 
replace  parametric  amplifiers.  The  present  performance  of  parametric  amplifiers  is 
compared  with  the  projected  performance  of  the  noise  figure  optimized  FET  preamplifiers 
in  Figure  9-1 . 
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I Figure  9-1.  Paramp  and  FET  Noise  Figures 


Basically  the  FET  noise  figure  performance  is  unaffected  by  the  variable  vertical 
doping  profile.  This  is  an  important  point,  since  the  vertical  profile  will  inevitably 
be  Gaussian  as  a result  of  ion  implantation  to  achieve  the  desired  lateral  doping  profile. 
While  the  Gaussian  profile  offers  no  particular  advantage  or  disadvantage  with  respect 
to  noise  figure  performance,  it  does  have  several  other  merits.  Firstly,  the  transcon- 
ductance, and  thus  the  gain,  associated  with  biasing  for  minimum  noise  figure  is  in- 


creased. Secondly,  the  linearity  of  the  gain  as  a function  of  input  drive  level  is 


Figure  9-2.  Transconductance  Versus  Gate  Bias  for 
Constant  and  Gaussian  Doping  Profiles 


INTRINSIC  FET  FOR 
CONSTANT  AND 


Figure  9-3.  fj  Versus  Gate  Bias  for  Constant 
and  Gaussian  Doping  Profiles 
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